Abstract Didymella pinodes, causing ascochyta blight, is the most destructive foliar pathogen of dry peas. Despite the importance of this pathogen, very little is known about the mechanisms or genes that control host plant resistance against the fungus. Here we employed deepSuperSAGE genomewide transcription profiling to identify pea genes involved in resistance to D. pinodes in the wild, resistant Pisum sativum ssp. syriacum accession P665. Two deepSuperSAGE libraries were constructed from leaf RNA of infected and control plants. A total of 17,561 different UniTags were obtained. Seventy per cent of them could be assigned to known sequences from pea or other plants. 509 UniTags were significantly differentially expressed (P <0.05; fold change ≥2, ≤2) in inoculated versus control plants. Of these, 78 % could be assigned to known sequences from pea or other plants, and 58 % to proteins with known function. Our results suggest that a battery of genes contribute to resistance against D. pinodes in the wild pea accession P665. For example, genes encoding protease inhibitors are activated, and the corresponding proteins may contribute to a lower penetration success. The production of antifungal compounds and strengthening of host cell walls may interfere with the spread of the pathogen. In addition, detoxification of D. pinodes toxins and repair of cell walls could also reduce the damage produced by this devastating necrotroph. Hormones orchestrate metabolic adaptation to D. pinodes infection, since ethylene, ABA and indole-3-acetic acid pathways were up-, while the gibberellic acid pathway was down-regulated.
Introduction
Legumes are a versatile and inexpensive source of protein and powerful natural soil fertilizers due to their ability to fix atmospheric nitrogen in symbiosis with microorganisms such as Rhizobia that colonize their roots. Thus, legumes contribute to the sustainability of agricultural systems by reducing the need for nitrogen fertilizer for themselves and subsequent crops. However, despite their importance, the instability of yield, caused mainly by diseases, hampers increased production of legumes crops in Europe.
Dry pea (Pisum sativum L.) is the most important legume in Europe and the fourth most grown in the world (FAO, http:// faostat.fao.org). Ascochyta blight is the most destructive foliar disease of field peas (Salam et al. 2011 ). This disease is caused by a complex of fungi formed by Ascochyta pisi Lib., Didymella pinodes (Berk & Blox) Petrak, Phoma medicaginis var. pinodella (L.K. Jones) Morgan-Jones & K.B. Burch and Phoma koolunga Davidson, Hartley, Priest, KrysinskaKaczmarek, Herdina, McKay & Scott. Of these, Didymella pinodes (synonym Mycosphaerella pinodes ; anamorph: Ascochyta pinodes L.K. Jones) is the most predominant and damaging pathogen (Tivoli and Banniza 2007) . Despite its importance, very little is known about the mechanisms or genes that control host resistance against D. pinodes (Rubiales and Fondevilla 2012) . Resistance identified so far is incomplete and present mainly in wild pea accessions (Clulow et al. 1991; Wroth 1998; Fondevilla et al. 2005) . One of these wild resistant accessions is the P. sativum ssp. syriacum accession P665 (Fondevilla et al. 2005) . In this accession, resistance is characterized by a reduced success of colony establishment and smaller lesions. These results suggest that a battery of subsequent resistance mechanisms function in P665, restricting the infection of D. pinodes at the epidermis and, after the pathogen has penetrated the epidermis and reached the mesophyll, reducing the growth of D. pinodes in the mesophyll. The infection process in P665 is similar to that observed in other resistant pea accessions and is in agreement with the polygenic control of ascochyta resistance suggested by genetic studies, with numerous quantitative trait loci (QTL) explaining from low to moderate percentage of the variation of the trait (TimmermanVaughan et al. 2002 (TimmermanVaughan et al. , 2004 Tar'an et al. 2003; Prioul et al. 2004; Fondevilla et al. 2008) . The genes located within these QTL are completely unknown. The polygenic nature of resistance impedes the identification of these genes by traditional approaches and hampers the introgression of resistance from wild relatives as, e.g., P. sativum ssp. syriacum, into cultivated pea (Pisum sativum) and thus impedes the exploitation of these resistance sources for genetic improvement of the cultivated species.
Genome-wide gene expression analyses provide a detailed picture of all expressed genes and metabolic pathways that are differentially regulated during plant-pathogen interactions, and contribute to the identification of candidate resistance genes (Fondevilla et al. 2011) . As available pea sequences in the databases are limited, in a previous study (Fondevilla et al. 2011 ) aimed at investigating gene expression changes related to infection with D. pinodes, cDNAs from D. pinodes-infected plants of the resistant P. sativum ssp. syriacum accession P665 and the susceptible pea cv. Messire, were hybridized to the Medicago truncatula microarray Mt16KOLI1Plus. This microarray carried all tentative consensus sequences of the TIGR M. truncatula Gene Index 5 (http://compbio.dfci. harvard.edu/tgi/cgi-bin/tgi/gimain.pl?gudb=medicago). This technique identified 346 genes regulated differentially in response to D. pinodes in the resistant reaction compared to the susceptible one, including genes involved in cell wall reinforcement, phenylpropanoid and phytoalexin metabolism, detoxification processes, and genes encoding pathogenesisrelated (PR) proteins. However, microarray analyses are necessarily limited to the gene sequences immobilized on the array's surface, and, since the Mt16KOLI1Plus array contained solely M. truncatula sequences, only pea transcripts with sufficient sequence-similarity to M. truncatula genes could be identified. Particularly, pea-specific genes involved in the ascochyta-pea interaction are not present on this microarray and therefore cannot be detected. In addition, in this microarray study no non-inoculated control plants were included, and therefore, differentially expressed genes may include, in addition to genes involved in the response to D. pinodes, genes with a constitutively different expression between the two genotypes, Messire and P665, and not related to resistance. Furthermore, the microarray analysis revealed that pea sequences with sufficient homology to M. truncatula microarray probes to hybridize with them, were regulated after infection with D. pinodes, but the P. sativum sequences themselves were unknown, making their mapping or functional analysis difficult.
In the present study, the open-architecture, sequence-based transcriptome profile technique deepSuperSAGE enabled us to identify directly the sequences of pea genes differentially expressed after infection with D. pinodes. Using this technique the transcriptome profile of the resistant pea accession P665 inoculated with D. pinodes was compared with that of noninoculated plants thus complementing our previous microarray results where no non-inoculated control plants were included. SuperSAGE differs from the original SAGE (serial analysis of gene expression) technique (Velculescu et al. 1995) mainly by the generation of a 26 bp so-called SuperTag versus the much shorter, 14 bp long tag generated by SAGE (Matsumura et al. 2010) . Here, 454 next generation sequencing (NGS) was used to sequence the SuperSAGE libraries, thus increasing the number of sequences obtained by this technique. This study provides a detailed picture of pea expressed genes and metabolic pathways that are regulated differentially during D. pinodesPisum sativum interaction, and contributes to the identification of candidate resistance genes.
Material and methods

Plant material and inoculation
P. sativum ssp. syriacum accession P665, displaying incomplete resistance to D. pinodes (Fondevilla et al. 2005) , was used for the experiments. Plants were grown until the fifth leaf stage in a growth chamber (20±2°C with a 12 h dark/12 h light photoperiod, at 250 μmol m −2 s −1
) and then inoculated with the monoconidial D. pinodes isolate C0-99, obtained from infected pea material collected in commercial fields at Córdoba, Spain. The isolate was multiplied in Petri dishes containing V8 juice medium in a growth chamber at 21±2°C with a 12 h dark/12 h light photoperiod, at 106 μmol/m 2 s. A spore suspension was prepared by flooding the surface of 12-day-old cultures with sterile water, scraping the colony with a needle and filtering the suspension through two layers of sterile cheesecloth. The concentration of spores in the solution was determined with a hemocytometer and adjusted to 3.5×10 5 spores per milliliter. Finally, Tween-20 (120 μl per 100 ml suspension) was added as a wetting agent and 1 ml per plant of the spore suspension was sprayed onto the aerial parts. After inoculation, constant high humidity was maintained by operating ultrasonic humidifiers for 15 min every 2 h. Three independent replicates on five plants per each treatment (inoculated/control) were performed.
RNA extraction and construction of deepSuperSAGE libraries
Twenty-four hours after inoculation (hai), for each replicate, the fourth leaf of the five control/inoculated plants were harvested, pooled, immediately frozen in liquid nitrogen and stored at −80°C. Detailed histological studies by Carrillo et al. (2013) had demonstrated that, at this time, spores of D. pinodes have germinated, penetrated the pea epidermal cell and started to colonize the mesophyll. The mechanisms of resistance characterizing P665 were already acting at this time point as the lower success in colony establishment and reduced lesion size in P665 compared to the susceptible accession Messire were already visible at 24 hai. RNA was isolated using TRISure (Bioline, London, UK) according to the manufacturer's protocols. From approximately 1 mg total RNA, poly(A) + -RNA was purified with the Oligotex mRNA Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer's batch protocol. deepSuperSAGE libraries from the pool of control/inoculated plants were generated as detailed by Molina et al. (2008) and sequenced on a Roche 454 GS20 machine by Seq-It (Kaiserslautern, Germany).
Tag quantification and data analysis
For each library, the sequences of the 26 bp SuperTags were extracted from the raw sequence data using the SuperTagSorter software developed at GenXPro (Frankfurt, Germany). The number of SuperTags with the same sequence (here called UniTags) was counted and normalized to 100,000 in regard to the total number of SuperTags. A UniTag was considered differentially expressed between the two libraries at P ≤0.05, according to Audic and Claverie (1997) and if the normalized expression value of the UniTag was at least 2 times higher or lower in the inoculated plants compared to the control. When a UniTag was absent in any of the two libraries, "0" was replaced by "0.0037" for calculating the fold change values. This number was chosen, because the abundance of a cDNA not picked up among 1,000 clones is unlikely (5 % chance) to be larger than 3.7/1,000 (Audic and Claverie 1997) .
Annotation of UniTags to sequences in public data bases UniTags were first annotated by BLASTN (http://www.ncbi. nlm.nih.gov/BLAST/) against sequences from pea transcripts reported by Franssen et al. (2011) and Kaur et al. (2012) . UniTags with a minimum BLAST-score of 42 were considered homologous to the database entries. Tags without homology to these sequences were subsequently annotated to M. truncatula sequences in the NCBI database and finally to all plant entries in the TIGR database. In addition, Unitags were also Blasted (BLASTN) to our own Ascochyta rabiei transcriptomes and genomes (manuscript in preparation) using an e-value of 0.01 as a threshold. If sequences homologous to the UniTags had not already been functionally annotated in the databases, putative functions were assigned to them by comparing their in silico translated protein sequences to the UniProtKB/Swiss-Prot, UniProtKB and RefSeq_protein databases using the BlastX algorithm available at NCBI (http:// www.ncbi.nlm.nih.gov) in hierarchical manner, using an evalue of 0.001 as a threshold.
Assignment of UniTags to functional categories
To classify the pea UniTags according to the MapMan software functional categories, which is based on functional annotations from Arabidopsis thaliana (Thimm et al. 2004; Usadel et al. 2005 ; http://mapman.gabipd.org), all database entries to which the tags were annotated as described above, were again annotated by BLASTX to the Arabidopsis proteome TAIR9, downloaded from the TAIR website (http://ftp.tairs.org/ATH1_pep_cm_20040228). An e-value of 0.0001 was chosen as cut-off. Using these BLASTX search results, every UniTag, through its corresponding hit sequence, was either assigned to an A. thaliana protein or to no protein at all. Each assignment was checked manually to confirm that the corresponding A. thaliana protein was in agreement with the annotation obtained for this UniTag using the method described above. UniTags with no hit in the TAIR9 databases, but annotated to entries in other protein databases were manually classified into MapMan categories.
Metabolic and regulatory pathways affected by infection with D. pinodes were identified and graphically displayed employing the "Metabolism_overview" and "Cellular_response_overview" functions available in the MapMan software.
Validation of deepSuperSAGE results by quantitative real-time reverse transcription PCR
In Fondevilla et al. (2011) , the expression profiles of ten genes were analyzed by qRT-PCR in control and D. pinodes-infected plants of the accession P665. These expression profiles were compared with those obtained by SuperSAGE. To know which UniTags corresponded to the genes analyzed in Fondevilla et al. (2011) , these genes were Blasted (BLASTN) to the P. sativum transcriptomes (Franssen et al. 2011; Kaur et al. 2012 ) and the UniTags annotated to these transcriptomes sequences were identified. In addition, the deepSuperSAGE expression profiles of 18 additional genes differentially transcribed according to SuperSAGE in inoculated and control plants, respectively, were validated with two-step quantitative real-time reverse transcription PCR (qRT-PCR) in this study. These genes included PsOPR1 and PsOPR2. In Fondevilla et al. (2011) the expression profiles of PsOPR1 after infection with D. pinodes in P665
could not be accurately scored because the primers used for its amplification were not specific for each member of this gene family. In this study we developed primers that specifically amplified PsOPR1 or PsOPR2 . Using TRISure (Bioline, London, UK), total leaf RNA was extracted from different plants of the same three replicates used for deepSuperSAGE analysis. After a quality check, possible residual genomic DNA was removed using RQ1 RNase-free DNAse (Promega, Madison, WI). RNA was further purified using RNAeasy Plant Mini Kit (Qiagen). The absence of genomic DNA was checked by PCR using specific primers that amplify an intron-exon-intron sequence of the P. sativum glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene (forward primer (FP): 5′-:GTGGTCTCCACTGACTTTAT-TGGT-3′; reverse primer (RP): 5′-TTCCTGCCTTGGCA-TCAAA-3′ (Die et al. 2010) . Total RNA (5 μg) from each of these replicates was separately reverse-transcribed using the SuperScript III First-Strand Synthesis System for RT-PCR (Invitrogen, Karlsruhe, Germany). In order to ensure equal starting cDNA amounts, the α-tubulin (TUB) transcript was amplified in parallel with all the different templates and, depending on the cycle threshold (CT) number, cDNA samples were diluted accordingly for normalization. In addition, quality of the reverse transcription reaction was checked with specific primers amplifying two fragments of the GAPDH gene located 915 bp apart at the 5′-or 3′-end of the transcript (GAPDH1 FP 5′ctccactgactttattggtgaca-3′; RP: 5′caaacttg-tcatttaaggcaattc-3′; GAPDH2 FP 5′-tcaagatcggaatcaacggatt-3′; RP: 5′-cgagttcaacatcatctctcttcaa-3′).
Polymerase chain reactions were performed in a 48-well plate with a StepOne Real Time PCR System (Applied Biosystems, Foster City, CA), using SYBR Green to monitor dsDNA synthesis. Reactions contained 0.5 μl Fast Start Universal SYBR Green Master (ROX), 1 μl cDNA, and 0.3 μM of each genespecific primer in a final volume of 10 μl. The following standard thermal profile was used for all PCR reactions: polymerase activation (95°C for 10 min), amplification and quantification (40 cycles; 95°C for 15 s, 60°C for 1 min) and dissociation curve generation (95°C 15 s, 60°C 1 min, 95°C 30 s). P. sativum sequences with homology to differentially regulated UniTags were retrieved either from published P. sativum transcripts (Franssen et al. 2011; Kaur et al. 2012) or from the NCBI data base and used to design gene-specific primers using Probe Finder 2.45 (Universal Probe Library, Roche). Selected genes and corresponding primer sequences are listed in Table 1 . The TUB, histone H3 and GAPDH (Die et al. 2010 ) genes were used as references for normalization.
Results
DeepSuperSAGE yielded a total of 199,691 26-bp tags (87,417 from control plants and 112,274 from inoculated plants), corresponding to 17,561 different sequences (UniTags). Of these, 1,799 were singletons, 3,100 were present only in control plants, and 2,281 were present only in inoculated plants ( Fig. 1) . Of the 17,561 UniTags, 12,263 (69.8 %) could be annotated to the Pisum transcriptomes published by Franssen et al. (2011) and Kaur et al. (2012) , 243 (1.4 %) to M. truncatula sequences and 47 (0.27 %) to TIGR sequences belonging to different species (Fig. 2) . 175 UniTags showed similarities with sequences from A. rabiei. Of these, 27 were present only in control plants, and therefore they cannot correspond to D. pinodes transcripts. 143 were found in both control and inoculated plants and therefore they correspond to sequences present in both the plant and the pathogen and it was not possible to assign them unambiguously to P. sativum or D. pinodes. Only four Unitags were present only in inoculated plants and did not show similarities with P. sativum sequences and thus, most probably correspond to D. pinodes sequences. Three of them did not showed any similarity with sequences available in the databases. The fourth corresponded to a fungal "Ubiquitin carboxyl-terminal hydrolase 6".
Of the Unitags lacking similarity to A. rabiei, 509 were expressed differentially [P <0.05, fold change (inoculated/control) ≥2 or≤−2] in inoculated vs the non-inoculated control (Online Resource 1). Of them, 185 were over-expressed (called up-regulated in this paper) in inoculated compared to control plants and 324 under-expressed (called down-regulated). A total of 49 % of the differentially expressed UniTags corresponded to genes with unknown function or could not be assigned to any functional MapMan category. Of the upregulated genes with known function that could also be assigned to a MapMan functional category, the largest proportion belonged to the functional categories "protein metabolism" (28 %), "RNA metabolism" (12 %), "stress" (11 %), "hormone metabolism" (8 %), and "secondary metabolism" (8 %). Of the down-regulated genes most abundant categories were: "protein metabolism" (25 %), "RNA metabolism" (15 %), "transport" (7 %), "photosynthesis" (7 %) and "cell" (6 %) (Fig. 3) .
MapMan highlighted that transcripts encoding proteins working in secondary metabolism, especially flavonoid metabolism, but also proteins involved in biotic stresses and responding to heat were up-regulated (Fig. S1 ). In contrast, genes for most processes of primary metabolism such as response to light or photosynthesis, but also genes involved in development, were down-regulated after D. pinodes infection. Space constraints do not permit to discuss in detail all the more than 500 UniTags differentially expressed in pea after infection with D. pinodes. Therefore, we deliberately focus here on those genes that probably play a direct role in resistance, e.g., genes belonging to the functional categories "stress biotic", "stress abiotic", "secondary metabolism", "hormone metabolism", "RNA regulation of transcription", "signalling", "miscellaneous peroxidases" and "miscellaneous glutathione S transferases". Differentially expressed genes in these categories are listed in Table S1 .
Up-regulated genes from the "stress.biotic" category included some well-known defense genes, encoding proteins such as a chitinase and the pathogenesis-related (PR) protein PI49. However, there were also genes in this category that were down-regulated after infection, such as an endochitinase and another PR protein gene. Plant responses to biotic and abiotic stresses share common components, and some genes known to respond to abiotic stresses, e.g., the three genes involved in response to heat ('DnaJ protein homolog', 'chaperone protein dnaJ 16' and 'heat shock protein 105 kDa'), one involved in response to drought ('dehydrin-cognate') and one involved in response to cadmium ('protein Plant Cadmium Resistance 8') were also up-regulated after infection with D. pinodes. Genes belonging to this category, implicated in the response to light ('chaperone protein dnaJ 8' and 'auxilinrelated protein') were down-regulated.
Specific recognition of a pathogen by the plant activates several signal transduction cascades . Some of these, e.g., G proteins ('WD repeat-containing protein 5'), were up-regulated. In contrast, those involved in calcium signaling ('calcium-transporting ATPase', 'calmodulin-binding family protein'), phosphoinositides ('probable phosphatidylinositol 4-kinase type 2-beta', 'phosphatidylinositol 4-kinase') and the receptor kinases 'lectin Blec4' and 'Protein NSP-Interacting kinase 3' were down-regulated. The secondary metabolism plays a crucial role in a plant's defense against pathogens and, therefore, many differentially expressed genes belonging to this category, especially genes encoding proteins for flavonoid synthesis Finally, other interesting genes such as peroxidases, glutathione S-transferases, glycine-rich proteins, protease inhibitors and P. sativum putative Hs1pro-1 homolog were also regulated after infection.
For eight out of ten genes analyzed by qRT-PCR by Fondevilla et al. (2011) corresponding UniTags could be identified. However, no UniTags present in our SuperSAGE libraries showed similarities with the AB193816 and J01257 genes. Therefore, comparison between expression profiles obtained by qRT-PCR and deepSuperSAGE could be performed for a total of 25 genes. The up-or down-regulation of 21 of these genes was confirmed by qRT-PCR (Table 2) .
Discussion
Despite their importance as a source of protein and their benefits for a sustainable agriculture, legumes are generally under-researched. Next generation sequencing (NGS) technologies now provide a new framework for molecular studies of non-model organisms, enabling fast and economic de novo sequencing of genomes or complete transcriptomes. Here we profited from NGS to identify, for the first time and on a large scale, pea sequences involved in resistance to ascochyta blight. deepSuperSAGE coupled with NGS revealed 17,561 different sequences (UniTags) expressed in control and inoculated plants, highlighting the deep coverage obtained by this technique. Moreover, the open architecture of deepSuperSAGE allows the identification and expression analysis of novel genes. In fact, from 17,561 different sequences identified by our deepSuperSAGE approach, approximately 30 % were not found in Pisum sativum transcriptomes published only recently (Franssen et al. 2011; Kaur et al. 2012) , demonstrating the high-resolution of deepSuperSAGE. However, since the published transcriptomes were developed from plants not suffering any biotic stress, the absence of such sequences in the database may just reflect their higher expression in response to biotic stresses, e.g., to D. pinodes.
When sequencing cDNAs from infected tissues, both the pathogen and host transcripts are expected to appear among the sequences. However, although 174 Unitags had similarities with fungal sequences, many of them were derived from repetitive elements that are present in many organisms. Thus, many of these Unitags also showed homology to P. sativum and it was therefore not possible to unambiguously assign them to host or pathogen. Only a few transcripts from D. pinodes could be identified securely in our SuperSAGE libraries. This result is not unexpected, since P665 is a resistant accession that restricts pathogen growth. Moreover, the samples were taken in early stages of the infection, when the pathogen is only starting to colonize the mesophyll. The only D. pinodes UniTag that could be annotated corresponded to an "Ubiquitin carboxyl-terminal hydrolase 6". Ubiquitinprotein hydrolase is involved in the processing of ubiquitin precursors and of ubiquitinated proteins and therefore is expected to be expressed under all conditions. The MapMan software translates quantitative gene expression data into diagrams of metabolic pathways and other biological processes, allowing rapid visualization of differentially regulated pathways or processes (http://mapman.gabipd.org) . The interpretation of our deepSuperSAGE expression data by MapMan demonstrated a clear-cut up-regulation of secondary metabolism in response to D. pinodes in the resistant accession, especially of genes involved in flavonoid synthesis. In contrast, primary metabolism, represented by genes involved in photosynthesis or starch metabolism, and development were repressed. Down-regulation of photosynthesis and other primary metabolic processes has also been observed in other plants responding to biotic and abiotic stresses, including response to ascochyta blight (Molina et al. 2011; Tellström et al. 2007; Mustafa et al. 2009; Castillejo et al. 2010a ). In our previous microarray experiment, where transcripts expressed after infection with D. pinodes in P665 was compared with those expressed in the susceptible accession Messire, a similar pattern was observed (Fondevilla et al. 2011) . Also there, genes involved in secondary and hormone metabolism were overexpressed in the resistant P665 compared to the susceptible Messire, while primary metabolism was repressed. These results shows that the functional categories that are differentially expressed in the resistant accession P665 after inoculation with D. pinodes are also responsible for the differences found between the susceptible reaction of Messire and the resistant one of P665. A comparison between deepSuperSAGE and qRT-PCR results confirmed the up-or down-regulation for 21 of the 25 tested genes. Differences observed between SuperSAGE and qRT-PCR may be due to the presence of different transcript isoforms from the same gene, or different genes from the same family that could not be distinguished by the 26-bp tag provided by deepSuperSAGE. Thus, three Unitags (Dehydrin cognate (dh-cog gene), NADP-dependent isocitrate dehydrogenase and 14-3-3-like protein) showing discrepancies between SuperSAGE and qRT-PCR had more than one hit in the P. sativum transcriptomes. Therefore, we probably performed qRT-PCR on other transcripts than those identified by deepSuperSAGE. To solve this problem, UniTag sequences could be used as primers to perform 3′-and 5′-RACE PCR to obtain the complete sequence of the differentially expressed transcripts. The fourth Unitag whose expression could not be confirmed by qRT-PCR corresponds to "chitinase". This UniTag was expressed at a very low level in both SuperSAGE (seven sequences) and RT-PCR assays. Low-expressed genes are notoriously difficult to quantify and it is currently not possible to decide which technique gives the more correct value.
In other cases, deepSuperSAGE was able to distinguish between closely related genes from the same family. That was the case, for example, for the OPR gene family. The PsOPR gene family, encoding 12-oxophytodienoate reductases, comprises at least six genes (Matsui et al. 2004) . deepSuperSAGE showed that PsOPR2 was up-regulated in accession P665 after infection with D. pinodes, while PsOPR1 was down-regulated. In our previous microarray experiments (Fondevilla et al. 2011) , PsOPR2 was expressed more strongly in P665 than in the susceptible cultivar Messire after infection with this pathogen. In the previous study these results could be not be confirmed by qRT-PCR, because the primers used for PCR amplification were not specific. In contrast, in the present study we developed primers specific for PsOPR1 and PsOPR2 amplification, allowing us to confirm that expression of PsOPR2 is induced in the resistant line P665 after infection with D. pinodes while PsOPR1 is repressed. A similar pattern was observed by Matsui et al. (2004) in a susceptible accession.
A previous histological study (Carrillo et al. 2013) showed that P665 resistance to D. pinodes was characterized by a reduced success of colony establishment and smaller-sized lesions compared to a susceptible check. Histologically this was associated with higher frequency of epidermal cell death and protein cross-linking in infected epidermal cells. The present study reports some candidate genes that could contribute to this resistance behavior.
The first step in defense is the recognition of the pathogen by the plant, which activates signal transduction cascades that subsequently trigger transcription of plant defense genes . Cell surface receptors, e.g., cell wall-associated kinases (WAKs) can perceive extracellular signals such as pectin molecules in the cell wall, and pectin fragments such as oligogalacturonic acids, generated by attacking pathogens and are, thus, important components of the plant's defense machinery (Kohorn and Kohorn 2012) . Several WAKs have been shown to confer resistance to different pathogens (He et al. 1998; Schenk et al. 2000; Diener and Ausubel, 2005; Li et al. 2009) . A sequence showing similarities to a M. truncatula WAK protein was strongly up-regulated after infection with D. pinodes in our resistant pea accession P665. This protein could eventually detect the cell damage produced by D. pinodes and contribute to activating the stress response. We therefore consider it as a candidate resistance gene.
Other interesting genes for defense are protein phosphatases 2C. In rice, a protein phosphatase 2C (XB15) represses an innate immune response by dephosphorylating receptor kinase XA21, a key recognition and signaling determinant in the innate immune response . In Arabidopsis another phosphatase 2C (ABI1) is a negative regulator of abscisic acid signaling (Gosti et al. 1999 ). In our study, two sequences encoding protein phosphatase 2C were repressed after infection with D. pinodes. It is therefore tempting to speculate that the two phosphatase 2C transcripts could also act as negative regulators of resistance in Pisum -D. pinodes interaction. The down-regulation of these genes in our resistant pea accession after D. pinodes infection could, therefore, contribute to its resistance. Further studies are needed to support this hypothesis.
When intrinsic or external signals are transmitted to the nucleus, defense gene expression is initiated by transcription factors. In our study, the transcription factors most up-regulated after infection with D. pinodes belonged to the GRAS and bZIP families. GRAS transcription factor JI921296 was activated in our SuperSAGE experiment and also in our previous microarray experiment, showing that this transcription factor is differentially expressed in resistant reactions compared to susceptibility. GRAS proteins play various roles in fundamental processes of plant growth and development, but interestingly some expression profiling studies suggest also a possible function of GRAS transcriptional activators in the regulation of plant defense responses (Vandenabeele et al. 2003; Bonshtien et al. 2005; Mayrose et al. 2006) . Basic leucine zipper (bZIP) TFs have a basic region that binds DNA and a leucine zipper dimerization motif (Box 1). In genetic and molecular studies, A. thaliana bZIP TFs regulated diverse biological processes including response to pathogens (Jakoby et al. 2002) .
After germination of conidia, D. pinodes need to penetrate into its host through the epidermal cells and reach the mesophyll. It seems that P665 is able to disturb the pathogen in these early steps of the infection as fewer spores are able to reach the mesophyll in this accession compared to susceptible reactions. Pathogens use proteases to gain entry (Johnson et al. 1989) . In P665, two protease inhibitors (PIs) were induced after D. pinodes attack and could contribute to the observed reduction in colony formation. Protease inhibitors are efficient plant defense weapons as e.g. the transfer of heterologous PI genes into crops results in predation and pathogen-resistant transgenic plants (Johnson et al. 1989; Quilis et al. 2007) .
After penetration into the pea epidermal cells, pathogen growth is also restricted by P665, as lesions developed in the mesophyll have a reduced size. Our study identified several genes involved in fungotoxic secondary metabolite production that could contribute to this defense reaction. These secondary metabolite pathways produce phenylpropanoids, terpenoids, phytoalexins, glucosinolates and other secondary substances. Phenylpropanoid metabolism is responsible for the production of flavonoids (Martin and Paz-Ares 1997) . Several genes involved in flavonoid biosynthesis were found to be overexpressed after infection with D. pinodes in P665: 'chalcone synthase', 'isoflavone synthase', 'isoflavone reductase', 'dihydroflavonol 4-reductase' and 'anthocyanidin 3-O-glucosyltransferase'. Legumes utilize flavonoid compounds, notably isoflavones and isoflavanones, for defense against pathogens and as signal molecules. A number of phenylpropanoids have antimicrobial activity and restrict pathogen growth and disease symptoms. Thus, similar to our results for pea, in soybean as well as in M. truncatula, genes encoding enzymes catalyzing reactions in the phenylpropanoid pathway were up-regulated more rapidly and strongly in incompatible compared to compatible interactions in response to bacterial, fungal and oomycete pathogens (Samac et al. 2011; Zabala et al. 2006; Iqbal et al. 2005; Moy et al. 2004) .
In addition, the gene for '(+)-neomenthol dehydrogenase' acting in the neomenthol pathway, was also up-regulated in this study. Neomenthol is a terpenoid compound. Terpenoids are natural products active against a variety of herbivores and pathogens, including viruses, bacteria, fungi, and protozoa (Choi et al. 2008) . The Arabidopsis protein showing highest similarities with this P. sativum sequence was AtSDR1. The ortholog of AtSDR1 in pepper is called CaMNR1 and both genes have been suggested to positively regulate plant defenses against a broad spectrum of pathogens (Choi et al. 2008) .
Phytoalexins are also secondary metabolites acting as plant antibiotics that are synthesized after exposure of a plant to microbes. The enzyme '6a-hydroxymaackiain methyltransferase' catalyzes the last step in the biosynthesis of the major pea phytoalexin pisatin. As demonstrated by deepSuperSAGE/ qRT-PCR and our previous microarray analysis, the expression of this transcript was increased after D. pinodes infection.
Pathogenesis-related (PR) proteins are also induced during infection by pathogens and several of them possess antimicrobial properties (van Loon and van Strien 1999) . ABR17 is a member of the pathogenesis response (PR) protein PR10 family in pea. Another PR10 protein up-regulated after D. pinodes infection was the P. sativum disease resistance response protein PI49. This PR protein was expressed after inoculation with Fusarium solani f. sp. phaseoli , F. solani f.sp. pisi and Pseudomonas syringae pv. pisi (Daniels et al. 1987) .
Besides chemical barriers, physical obstacles also delay or even stop pathogen growth into the host plant. Our previous histological study (Carrillo et al. 2013) showed that protein cross-linking contributes to resistance to D. pinodes in P665. Accordingly, several genes involved in reinforcement of cell walls were up-regulated in our study. Glycine-rich proteins (GRPs)-in addition to extensins and proline-rich proteinsform a third group of structural cell wall proteins, and are often stress-induced (Ringlia et al. 2001) . In this study, as well as in our previous microarray analysis, some glycine-rich protein transcripts were induced after infection with D. pinodes. In addition, a sequence encoding a '3-ketoacyl-CoA synthase'-an enzyme contributing to cuticular wax and suberin biosynthesis-was also up-regulated. Furthermore, from the large peroxidase multigene family two transcripts were upregulated and another one down-regulated in infected P665. Plant peroxidases contribute to defense by strengthening cell walls via lignin deposition, by promoting cross-linking of cell wall proteins and generation of reactive oxygen species (ROS) as part of the oxidative burst during defense to pathogens (Mader and Fussl 1982; Bradley et al. 1992; Hiraga et al. 2001) . ROS can be toxic, inhibit fungal growth and function as signals in plant defense (Lu and Higgins 1999) . The accumulation of ROS is also associated with the hypersensitive response (HR; Torres et al. 2005) and, since our previous histological study showed that resistance in P665 is associated with HR, the up-regulated peroxidase transcripts may contribute to the phenotype.
When D. pinodes reach the mesophyll the fungus secretes toxins to kill the host cells and obtains nutrients from the dead cells. Therefore, in addition to restricting pathogen growth, the plant also needs to protect itself against the toxins. Glutathione S-transferases (GSTs) detoxify various dangerous compounds including microbial toxins (Marrs 1996) . Our study detected an up-regulated GST transcript, whereas another GST family member was down-regulated. Since the various members of the GST protein superfamily have similar functions in different sub-cellular locations or even different functions (Dixon et al. 2009 ), the different expression profiles of the two GST in our experiment are therefore not unexpected.
Another transcript putatively involved in defense, that was down-regulated after infection with D. pinodes , was "AF148506, Pisum sativum putative Hs1pro-1 homolog (Hs1pro-1)". The Hs1pro-1 gene confers resistance to the beet cyst nematode Heterodera schachtii in sugar beet (Beta vulgaris L.) on the basis of a gene-for-gene relationship (Thurau et al. 2003) . Therefore, the down-regulation of this gene in response to D. pinodes was surprising. However, an ortholog of this gene was also found to be down regulated in response to ascochyta blight in lentil (Mustafa et al. 2009 ). The role of this gene in resistance to ascochyta blight therefore needs further clarification.
The defense reaction against pathogens is usually orchestrated by plant hormones (Bari and Jones 2009) . Our study suggests that some hormones play important roles in regulating the metabolic changes occurring in response to D. pinodes infection in pea, as several differentially regulated transcripts in our study coded for proteins involved in hormone signaling pathways. As noted in our previous microarray study, ethylene seems to be a key factor in the defense against D. pinodes, because several genes acting in this pathway are differentially expressed upon infection. After infection with D. pinodes, an ethylene receptor with similarities to ETR1, an 'ethyleneresponse transcription factor' and three UniTags encoding '1-amino cyclopropane-1 carboxilase oxidase', involved in ethylene biosynthesis, were up-regulated in our resistant pea accession. In addition, repressors of ethylene signaling as 'EIN3-binding F-box protein' and an 'ethylene-responsive transcription factor' resembling ERF4 were down-regulated. The induction of the ethylene pathway in response to D. pinodes infection confirms our previous microarray results suggesting that this pathway contributes to resistance. It is in keeping with the necrotrophic nature of D. pinodes since plants generally employ jasmonic acid/ethylene signaling against necrotrophs and salicylic acid signaling against biotrophic pathogens (Glazebrook 2005) .
Abscisic acid (ABA) also seems to be involved in the response to D. pinodes since an ABA-responsive protein, ABR17, was up-regulated after infection in our deepSuperSAGE study and in a previous proteomics study (Castillejo et al. 2010b ). The expression of pea ABR17 in A. thaliana modulates the expression of transcripts related to plant defense and development such as a putative mitogen-activated protein kinase, defensins, expansins and glycine-rich proteins (Krishnaswamy et al. 2008) . In agreement with the upregulation of an ABA-responsive protein, the transcript of a putative negative regulator of ABA-mediated signaling, the 'NAC domain-containing protein', was down-regulated. The A. thaliana protein most similar to this P. sativum transcript is ATAF1, a negative regulator of defense against both necrotrophic and bacterial pathogens (Wang et al. 2009 ).
Another up-regulated gene discovered by deepSuperSAGE and related to a hormone pathway was the gene coding for the "indole-3-acetic acid-induced protein ARG2", which was also activated in response to a leaf spot disease in peanut (Luo et al. 2005) .
In contrast, the GA protein transcript was down-regulated in the resistant accession in both deepSuperSAGE and our previous microarray experiments (Fondevilla et al. 2011) . The phytohormone GA controls important aspects of plant growth such as seed germination, stem elongation, and flowering (Schwechheimer 2008) . Down-regulation of this protein, as found in our deepSuperSAGE study, agrees well with the general repression of developmental processes accompanying plant defense reactions.
Conclusions
Here, we provide a comprehensive inventory of genes and pathways regulated in the resistance reaction of pea accession P665 after infection with D. pinodes, and report candidate genes that could contribute to resistance. First, P665 perceives an unknown signal (or signals) from the pathogen. The WAK protein that was strongly up-regulated after infection with D. pinodes in our experiment may play a role in perception of this signal. The recognition of a pathogen elicits a signal transduction cascade ultimately leading to the expression of a whole battery of genes. These genes encode proteins which 'in concert' provide an effective defense on multiple levels. The response of the resistant plant to the fungal attack is orchestrated by phytohormones such as ethylene, ABA and indole-3-acetic acid. Protease inhibitors prevent secreted proteases of the pathogen needed for penetration and could contribute to the reduced formation of D. pinodes colonies. Reinforced and repaired cell walls act as physical barriers against a free spread of fungal mycelia. In addition, antifungal compounds like flavonoids, terpenoids, ROS and phytoalexins reduce hyphal growth, and at the same time D. pinodes toxins are destroyed. This could explain the reduced colony size observed in P665. These, and likely other mechanisms, finally characterize P665 as reasonably resistant and qualify it as a source of ascochyta resistance in breeding.
In this study, deepSuperSAGE identified several known and unknown genes that are expressed differentially after infection with D. pinodes. Mapping of these candidate genes in populations segregating for resistance to the pathogen could identify those involved in genetic control of the trait and will be the focus of further studies. In addition, detailed functional analyses could decipher the role of these genes in defense. However, this approach requires knowledge of the sequences of these genes. The inference of these sequences from our previous microarray experiments imply identifying the P. sativum orthologues to M. truncatula genes, which is, to say the least, a time-consuming and tedious process. In contrast, deepSuperSAGE provided the P. sativum sequences involved in defense right away and, moreover, identified novel genes that were not present even in recently published P. sativum transcriptomes. These represent additional candidate D. pinodes resistance genes that certainly deserve more detailed analysis in the future.
